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PREFACE 

The work reported herein was conducted by the Arnold Engineering 
Development Center (AEDC), Air Force Systems Command (AFSC), 
Arnold Air Force Station, Tennessee, under' Program Element 65807 F, 
The results presented were obtained by ARO, Inc. (a subsidiary of 
Sverdrup &Parcel and Associates, Inc , ), contract operator of A EDC, 
AFSC, Arnold Air Force Station, Tennessee. The apparatus was 
developed under ARO Project No. V32A-15A, and the wind tunnel tests 
were conducted under ARO Proj ect No. V 41A- 99A. The manuscr ipt 
(ARO Control No. ARO-VKF- TR -7 5- 11) was submitted for publication 

on F'r-br ua r'y 4, 1975 . 
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1.0 INTRODUCTION
 

The current trend in missile development is toward higher fineness 
ratio configurations (£ / d ratios from 12 to 20), low aspect ratio fins, 
high maneuverability, and high performance. Damping der iv at iv e s 
(pitch, yaw, and roll), especially on slender vehicles with fins, have 
a strong influence on the vehicle response at extreme maneuver c o nd i
t ions . Theoretical predictions at best apply only at low angles of 
attack, and since the new missiles are highly maneuverable, large 
angle-of - attack experimental data are desired for the computeriz e d 
fl ight traj ectory programs. 

A research program was initiated at the Arnold Engineering 
Development Center (A EDC) von Karman Gas Dynamics Facility (VKF) 
for the purpose of developing the capability for obtaining high angle
of-attack pitch-damping data on current missile configurations. A 
spec ial iz c d test mechanism cons isting of a strut-supported c ross
fl exu r c balance capable of testing at angles of attack up to 90 deg at 
subsonic and supersonic spe e d s (J\I", :: 0.2 to G) was developed. Wind 
tunnel ver if ic a t io n tests were conducted on two missile configurations 
at Mach number 2 utilizing the small-amplitude, free-oscillation test 
technique. Data were obtained at angles of attack from -12 to 86 deg 
at Reynolds numbers, based on model diameter, of 0.086 x 106 to 

60.187 x 10 . 

2.0 APPARATUS 

2.1 MODEL 

The model (Fig. I), designed and fabricated at VKF, consisted of a 
stainless steel co nf i gur a t io n with an tid of 10 (commonly referred to as 
the Basic Finned and an tid:; 15 configuration that used a magnesium 
nose (for ballasting purposes) in conjunction with the Basic F'irmer aft 
body and fins. Basically, the model was a 10-deg half-angle cone
cylinder body with four rectangular fins located at the model base. 
I\lodel diameter was 1.25 in. (one caliber) and the fins had a chord of 
O. D23 calibers and an overall span of 3 calibers. The moment reference 
point and model pivot axis were located 6. 1 calibers from the model 
nose for the Basic Ffnne r and 11. 1 calibers from the model nose for 
the 1/ d :: 15 configuration. Both configurations were balanced to locate 
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the center of gravity on the flexure pivot axis. The tests were con
ducted with the model in 45-deg roll orientation for the purpose of 
comparison with prev iously obtained experimental data. Model details 
are shown in Fig. 2. 

2.2 TEST MECHANISM AND INSTRUMENTATION 

The high- alpha pitch- damping test mechanism, designated VKF 
2. G High Alpha (Fig. 3), utilizes a small-amplitude one-degree-of
freedom cross-flexure balance which is supported by a strut and sting 
that can be manually adjusted to provide minimum aerodynamic 
interference and angles of attack ranging from -15 to 90 deg. A 
strain- gage bridge is located on the flexures to provide a voltage 
proportional to angular displacement. A pneumatic- and spring
operated locking device is provided to hold the model during injec
tion into or retraction from the tunnel. Three balances, having 
flexure stiffnesses of 2.3, 23, and 49 in. -lb/deg and maximum 
amplitudes of ±4, ±3, and ±2 deg, respectively, are available for 
use with the test mechanism. The 49 in. -lb/deg balance was used 
during the present test. Installation photographs are shown in 
Fig. 4. 

An oscillating- air system was used to displace the model. The 
driving force was obtained from a high-pressure air supply which 
was adjusted to the pressure level necessary to overcome the damp
ing moment. The model was oscillated by two air jets (Fig. 3a) 
that were regulated by a remotely controlled servovalve oscillating 
at the natural frequency of the model and balance system. The 
driving force could be stopped abruptly by a solenoid valve and data 
recorded as the amplitude decreased. 

2.3 WIND TUNNEL 

Supersonic Wind Tunnel (A) in VKF is a continuous, closed-circuit, 
variable density wind tunnel with an automatically driven flexible-plate
type nozzle and a 40- by 40-in. test section. The tunnel can be oper
ated at Mach numbers from 1. 5 to 6 at maximum stagnation pressure 
from 29 to 200 psia, respectively, and at stagnation temperatures up 
to 750oR. Min imurn stagnation pressures range from about one-tenth 
to one-twentieth of the maximum pressure at each Mach number. Tun
nel A is equ ipped with a model inj ection system, which allows removal 
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of the rnodel from the test section while the tunnel remains in oper
ation. Tunnel details are shown in Fig. 5. 

3.0 PROCEDURE AND PRECISION OF DATA 

3.1 TEST CO,\IDITIONS 

The nominal wind tunnel test parameters at which the data were 
obtained are presented in Table 1, and summaries of the test con
figurations are presented in Table 2. Data were normally obtained 
for osc illation amplitudes from ±1, 4 to ±O. 6 deg. The data are 
presented for oscillation amplitudes (e) of ±1 deg. 

3.2 TEST PROCEDURE 

The test procedure was to set the forcing air pressure to a suffi
ciently high value, open the solenoid valve, adjust the frequency of 
the servovalve to the natural frequency of the model- balance system, 
and then, when the model amplitude reached the desired value, close 
the solenoid valve. The switch that closed the valve also started the 
high-speed scanner which read the digitized displacement signal onto 
magnetic tape for data reduction. Data reduction was accomplished 
by the logarithm decrement method described in Ref. 1. 

3.3 PRECISION OF DATA 

3.3.1 Tunnel Conditions 

Uncertainties {bands which include 95 percent of the calibration 
data} in the basic tunnel parameters {po' To' and Moo} were estimated 
from repeat calibrations of the instrumentation and from repeatability 
and uniformity of the test section flow during tunnel calibrations. 
These uncertainties were used to estimate uncertainties in other free
stream properties using a Taylor series method of error propagation 
(Ref. 2). The estimated uncertainties are as follows: 

Uncerta inty , percent 

6.{ Moo} 6.{ R e d ) 6.( qoo} 6.{ V(I»)-6 
Red x 10 

Moo Red qoo Voo 

0.086 0.5 0.9 O. 8 0.3 

O. 187 0.5 O. 7 O. 6 0.3 

7 
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3.3.2 Aerodynamic Coefficients 

The balance was calibrated before and after the test, and check 
calibrations were made during the test. In addition, structural 
damping values were obtained at vacuum conditions before the tunnel 
entry to evaluate the still-air damping contribution. The uncertainties 
in the balance and data system were combined with uncertainties in the 
tunnel parameters assuming a Taylor series error propagation (Ref. 2) 
to estimate the precision of the aerodynamic coefficients. The e sti
mated uncertainties are as follows: 

-6
Configuration Red x 10 Crn tCrn· ~Crn t Crn.) Crn 6(Cm ) Crn t.(Cm)9 cr 9 cr cr o 

i!d = 10 0.086 -100 ±20 -25 ±2.2 -2 ±0.26 
(Basic -200 ±22 - 15 -4 to. 26 
Finnerl -400 ±25 -5 - 6 ±0.27 

-600 ±28 5 -8 to. 27j
 j	
-700	 ±30 10 -10 ±0.27 

0.187	 -100 flO -25 ± 1, 1 -2 to. 13 
-200 ±12 -15 -4 to. 13 
-400 ±15 -5 -6 to. 13 
-600 ±19 5 -8 to. 13j
 j	
-700	 ±21 10 -10 ±0.14 

i!d=15 0.086 -200 ±24 -5 ±2.2 4 ±0.26 

j	 
-400 ±26 10 8 ±0.27
 
-800 ±32 20 12 ±0.28
 

-1200 ±38 30 16 ±0.29
 
-1600 :t45 40 20 ±0.311 

O. 187 -400 ±15 -5 ± 1, 1 4 ±0.13 
-800 ±22 20 

~ -1200 ±29 40 ~ 

4.0 RESULTS AND DISCUSSION 

The clamping derivatives, static stability derivativ e s and pitching
moment coefficients are presented in Fig. 6 as a function of angle of 
attack for the ..e / d = 10 configuration (Basic F'inner ) for Reynolds num
bers, based on model diameter, of 0.086 x 106 and 0.187 x 106. The 
different symbols in Fig. 6 indicate the data that were obtained with 
one particular strut and support sting arrangement. In general the 
data overlap from the different strut-sting combinations was good for 
both the static and dynamic measurements. The fact that the data 
overlap was good gives a high confidence level that the strut-support 
sting interference was not apprec iable for angles of attack greater 
than 6 deg, where data overlap started (Fig. 6bL The possibility 
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existed at low angles of attack that the strut would cause interference 
until the angle of attack was sufficient to hide the strut behind the 
model. However, the interference, if existing, appeared to be a 
minimum since the pitch-damping and static stability data were fairly 
symmetrical about a = 0 and also showed fairly good agreement at 
a = 0 with data free of any support effects (BRL, Ref. 3) and with trans
verse rod support data (NSWC, Ref. 4) (Fig. 6a and b). The present 
data are small-amplitude, local-effective derivatives (Ref. 5), whereas 
the BRL and NSWC data are large-amplitude effective data. In order 
that all the data being compared be effective values, the technique of 
Billingsley and Norman (Ref. 6) was used to generate effective deriva
tives from the present experimental data (local-effective). The results 
are shown in Fig. 6c with the BRL and NSWC data showing fairly good 
agreement with the generated effective derivatives, considering the 
differences in test conditions, test techniques, etc. 

The data in Fig. 6 are shown again in Fig. 7 using just one symbol 
for clarity. Analysis of the data in Fig. 7 showed both the dynamic 
and static coefficients to be a highly non-linear function of angle of 
attack. It is of interest to note that for angles of attack above 40 deg 
at the higher Reynolds number, Red = 0.187 x 10 6 (Fig. 7b), the 
dynamic measurements exhibited more scatter as compared to lower 
a data, and the damping derivatives also became highly nonlinear and 
oscillatory. A possible explanation for this unsteady dynamic data is 
an unsteady vortex sy stem and/ or the interaction between the shed 
vortices and fins. It is documented by Gowen and Perkins (Ref. 7) that 
as the angle of attack is increased, the vortex system on the leeward 
side changes from a steady symmetric pair to a steady asymmetric 
configuration of two or more vortices and then to an unsteady asym
metric system at the high angles of attack. Gowen and Perkins (Ref. 7) 
were also able to obtain a correlation for several models defining the 
region of unsteady wake flow as a function of nose fineness ratio and 
apex angle. The correlation is shown in Fig. 8 with the conditions of 
the Basic Finner model. According to the correlation the borderline to 
the unsteady conditions begins at a ~ 35 deg for the Basic Finner model. 
This seems to be in agreement with the beginning of the unsteady data 
in Fig. 7b. In addition, the repeatability of the high 0' damping mea
surements at the lower Reynolds number (Fig. 7a) was found to be 
better than that at the larger Reynolds number (Fig. 7b). No rrnal Iy 
the reverse of this is true since the measured damping moment is 
larger at the higher Reynolds number (see uncertainty values, Section 
3.3.2). The answer to this may be that the unsteadiness of the vortices 
may be more pronounced at the higher Reynolds number. 
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Figure 9 shows the comparison of the Basic F'i nner data for the 
two Reynolds numbers tested. As mentioned in the previous paragraph, 
there were some small Reynolds number effects at the high angles of 
attack which were pertinent in analysing the unsteady nonlinear damp
ing data; however, over the angle-of-attack range (except at Q' ~ 80 deg) 
there were essentially no consistent effects of Reynolds number for the 
limited Reynolds number range investigated. At Q' ~ 80 deg, model 
damp ing decreased sharply for both Reynolds numbers. The lower 
Reynolds number (Red = O. 086 x 106) data actually showed the model 
to be slightly unstable. However, model damping on each side of this 
"Instantaneous peak" was quite high. The static stability derivative 
(Cm ) also shows a spike at Q' ~ 80 deg for both Reynolds numbers. 

Q' 

The static and dynamic data for the .Q / d = 15 configuration are 
presented in Fig. 10 for both Reynolds numbers tested. Data were 
obtained only up to Q' = 31 deg because of balance limitation in pitching 
moment. The aft pivot axis (center of gravity) location produced 
large positive p itchirig moments as evid ence d by the unstable static 
data (Cm and em). For the Q' range tested, the.Q / d =15 configura-

Q'
bon
 produces about the same damping trends as the .Q / d ;; 10 configu
ration; however, the damping levels are generally much higher for 
the longer configuration. 

5.0 CONCLUSIONS 

Wind tunnel tests were conducted to evaluate a newly developed 
high angle-of-attack missile test mechanism. Data were obtained at 
M.., = 1. 96 at angles of attack from - 12 to 86 deg for Reynolds numbers, 
based on model diameter, of O. 086 x 106 and O. 187 x 106• Two missile 
configurations having length-to-diameter ratios of 10 and 15 were 
tested. Conclusions based on the results presented in this report are 
given below. 

1.
 The pitch-damping derivatives, the slope of the pitching
moment curve, and the pitching-moment coefficient can 
be measured accurately at angles of attack up to 90 deg 
by the high Q' m i s s i l e test mechanism. Strut interference, 
if existent, is not appreciable. 

2.
 The pitch-damping derivatives, the slope of the pitching
moment curve, and pitchlng-moment coefficients were 

10 
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found to
 be nonlinear functions of angle of attack and 
except f or one " . mstantaneous peak" at Q' 'l:: 80 deg, 
both
 configurations are dynamically stable. 

3.
 Previously published data taken at low angles of attack 
are in satisfactory agreement with the present results, 
considering differences in test conditions. 
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a. Q/d = 10 configuration (Basic Finner) 

Figure 1. Photographs of the model. 

b. Q/d = 15 configuration 
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a. a =72 deg, Q/d = 10 configuration (l3asic Finner) 
Figure 4. Photographs of model installation. 
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of the Basic Finner model. 
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Note: This figure was extracted from Ref. 7. 
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Test 
Condition 

A 

B 

~ 

1. 96 

1. 96 

Table 1. Tunnel Conditions 

Red x 10-6 Po' To' 
p s ia oR 

0.086 3.30 551 

0.187 7.10 552 

qoo' 
p s i a 

1.21 

2.59 

V 00' 

ftl sec 

1696 

1698 

Configuration 

~/d = 10 

~/d 15 

Table 2. Test Summary 

Test 
wd/2VooCondi tion* x 

A 8.7 

B 8.7 

A 7.3 

B 7.3 

10 3 0. 

deg 

0 to 84 

-12 to 86 

0 to 35 

0 to 10 

" 

*As defined in Table 1. 
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NOMENCLATURE 

A Reference area (7rd2!4), 0.008522 ft2 

Pitching-moment coefficient, pitching moment! qooAd 

Pitching-moment coeffic ient due to pitch velocity, 
a (Cm)! a (qd!2V<D), radian- 1 

P itching-moment coeffic ient due to angle of attack, 
aCm/aQ', radian-1 

d 

Pitching-moment coefficient due to rate of change of angle 
of attack, a{Cm)/a(ad/2Voo)' radian-1 

Reference length (model diameter), 0.10417 ft 

2Model moment of inertia about pitch axis, slug-ft 

L n Length of conical forebody nose, 

Model length, ft 

in. 

Free-stream Mach number 

Tunnel stilling chamber pressure, psia 

q Pitching velocity, radians/ sec 

Free-stream dynamic pressure, psia or psfa 

Free-stream Reynolds number based on model diameter (d) 

Tunnel still ing chamber temperature, "R 

Free-stream velocity, ft/ sec 

Distance from model nose to pivot axis (center of gravity), 
in. 

Angle of attack, deg, Q' :: Q's + Q'pb + Q'trim 
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O'pb	 Effective sting pre-bend, deg, O'pb = O'sp + O'st 

Tunnel sector pitch angle, deg 

Angle of support sting with respect to centerline of tunnel 
sector, deg 

Angle of strut with respect to support sting centerline, deg 

Angular deflection of cross-flexure balance because ofO'trim 
static pitching moment, deg 

Time rate of change of angle of attack, radians! sec 

~( ) Uncertainty (95-percent confidence limit) 

() Oscillation amplitude, deg 

Model roll angle, deg 

w Angular frequency, radians/ sec 

Reduced frequency parameter, radians 
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